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SUMMARY 

Flux p e n e t r a t i o n  i n t o  th in  wal led  superconduct ing  c y l i n d e r s  

s u b j e c t e d  t o  a uniform l o n g i t u d i n a l  f i e l d  i s  i n v e s t i g a t e d .  A review 

of p a s t  work on t h e  s u b j e c t  i s  given i n c l u d i n g  p r e d i c t i o n s  t h a t  

p e n e t r a t i o n  w i l l  occu r  a t  f i e l d s  cons ide rab ly  less than  c r i t i c a l .  

A d e t a i l e d  a n a l y s i s  of t h e  f i e l d  d i s t r i b u t i o n  i s  made f o r  the  geometry 

of i n t e r e s t  and a n  a t t empt  i s  made t o  observe  s u r f a c e  breakdown for 

c y l i n d e r s  of v a r i o u s  wa l l  t h i cknesses .  A method f o r  g e n e r a t i n g  

cont inuous  magnet iza t ion  curves  and t h e r e f o r e  obse rv ing  t h e  o n s e t  of 

f l u x  p e n e t r a t i o n  i s  desc r ibed .  Contrary t o  some p a s t  thoughts  on 

t h e  s u b j e c t ,  t h e  o n s e t  of p e n e t r a t i o n  i s  shown t o  occur  a t  v a l u e s  of 

t h e  s u r f a c e  f i e l d  n e a r  c r i t i c a l .  F i n a l l y  these r e s u l t s  a r e  

i n  r e l a t i o n  to  r e c e n t  work on t h e  c ryogen ic  gyro.  
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1. INTRODUCTION 

The r e c e n t  success  of a cyrogenic  gyroscope (Refs. 1, 2 )  

r e v i v e s  t h e  i n t e r e s t  i n  t h e  u s e  of a hollow superconduct ing  sphe re  a s  

a gyro r o t o r .  This  arrangement has t h e  advantage t h a t  r e l a t i v e l y  h igh  

a c c e l e r a t i o n s  can be s u s t a i n e d  without exceeding t h e  c r i t i c a l  f i e l d  of 

t h e  s u r f a c e .  I t  has  been suggested t h a t  a h igh -qua l i ty  s p h e r i c a l  

r o t o r  could  be c o n s t r u c t e d  by  simply p l a t i n g  a s u i t a b l e  superconductor  

on some low-density s p h e r i c a l  s u b s t r a t e  (Ref. 3 ) .  

Independent of t h e  work on t h e  c ryogenic  gyro ,  t h e  problem 

of t h e  magnetic f i e l d  about  a superconducting sphe re  has  been thoroughly 

i n v e s t i g a t e d  both  t h e o r e t i c a l l y  and expe r imen ta l ly .  That of t h e  f i e l d  

about  a c y l i n d e r  has  been t r e a t e d  less e x t e n s i v e l y .  In p a r t i c u l a r ,  

c l a s s i c a l  books on t h e  s u b j e c t  (e.g. London, Ref. 4) d i s c u s s  two 

i n t e r e s t i n g  b u t  p h y s i c a l l y  u n r e a l i z a b l e  cases :  i n f i n i t e l y  l o n g  

c y l i n d e r s  w i t h  t h e i r  axes  p a r a l l e l  or t r a n s v e r s e  t o  a uniform a p p l i e d  

f i e l d .  The r e s u l t s  a r e  w e l l  known; i n  t h e  f i rs t  c a s e  t h e  f i e l d  

p e n e t r a t e s  when i t s  nominal value r eaches  t h e  c r i t i c a l  f i e l d  f o r  t h e  

specimen, and i n  t h e  second i t  p e n e t r a t e s  a t  ha l f  t h a t  l e v e l .  

C l a s s i c a l l y  t h i s  i n i t i a l  p e n e t r a t i o n  has  been assumed t o  be 

independent of t h e  m a t e r i a l  beneath t h e  superconduct ing  s u r f a c e .  Some 

a u t h o r s ,  however, have con te s t ed  t h i s  (Refs.  5 - 8 ) .  S e r i n ,  Gi t t leman 

and Lynton ( R e f s .  4 ,  5) have i n v e s t i g a t e d  hollow c y l i n d e r s  w i t h  p l ane  

ends i n  t r a n s v e r s e  f i e l d s .  Their thermodynamic a n a l y s i s  i n d i c a t e s  

t h a t  t h e s e  c y l i n d e r s  have lower f ree  e n e r g i e s  i n  t h e  normal r a t h e r  than  

t h e  superconduct ing  s t a t e  a t  f i e l d s  less than  c r i t i c a l  i f  t h e  r a t i o  of 

i n n e r  t o  o u t e r  d i ame te r s  i s  above a c e r t a i n  va lue .  They seem t o  i n f e r  

from t h e s e  r e s u l t s  t h a t  c y l i n d e r s  w i th  s u f f i c i e n t l y  t h i n  w a l l s  sponta- 

neous ly  go ove r  i n t o  t h e  normal s t a t e  even though t h e  f i e l d  on t h e  

s u r f a c e  has  nowhere reached c r i t i c a l .  This  appears  t o  be expe r imen ta l ly  

confirmed by t h e i r  r e s u l t s .  
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Oakes (Ref. 7 )  has  s t a t e d  t h a t  a consequence of t h e  thermo- 

dynamic a n a l y s i s  is t h a t  t h e  s u p e r s t a t e  i s  m e t a s t a b l e  a t  b e s t ;  t h a t  i s ,  

i t  can be  a t  a l o c a l  e n e r g e t i c  m i n i m u m  b u t  t h e r e  i s  a n  a b s o l u t e  minimum 

elsewhere.  He p o i n t s  o u t ,  however, t h a t  i f  t h e  a p p l i e d  f i e l d  i s  always 

l e s s  than  (1  - g ) H  (where g i s  t h e  demagni t iza t ion  f a c t o r  i n  t h e  

d i r e c t i o n  of i n t e r e s t )  t h e r e  is no obvious mechanism f o r  p r e c i p i t a t i n g  

t h e  normal s t a t e .  I t  should be noted t h a t  t h e  t r u e  v a l u e  of ‘q i n  

Ref. 5 was unknown; no q u a n t i t a t i v e  a n a l y s i s  of t h e  e f f e c t s  of t h e  

p l a n e  ends seems to  have been made. Oakes t h e r e f o r e  s u g g e s t s  t h a t  i t  

might  be  i n s t r u c t i v e  t o  s tudy  a t h i n  wal led body whose t r u e  demagnetiza- 

t i o n  c o e f f i c i e n t  i s  w e l l  e s t a b l i s h e d  and t h a t  t h e  r e s u l t s  might b e  

a p p l i c a b l e  t o  t h e  c ryogenic  gyro.  I t  i s  t h e  purpose of t h i s  paper  t o  

p r e s e n t  t h e  r e s u l t s  of such a study. 

C 

2 .  MGNETIC FIELD DISTRIBUTION 

The specimens s t u d i e d  were copper c y l i n d e r s ,  e l e c t r o p l a t e d  

w i t h  l e a d  and approximately 5 c m .  l o n g  and 1 c m .  i n  diameter  wi th  hemi- 

s p h e r i c a l  ends.  They were placed i n  a uniform f i e l d  p a r a l l e l  t o  t h e i r  

axes .  The magnitude of t h e  f i e l d  on t h e  s u r f a c e  of t h e  c y l i n d e r s  was 

c a l c u l a t e d  (assuming they  a r e  p e r f e c t  diamagnets) by t h e  hydrodynamic 

method of Smith and P i e r c e  (Ref. 9) a s  a p p l i e d  t o  t h e  superconduct ive 

c a s e  i n  Ref. 10. A p l o t  of t h e  f i e l d  s t r e n g t h  on t h e  body s u r f a c e  i s  

shown i n  F ig .  1 wi th  t h e  magnitude of t h e  t a n g e n t i a l  f i e l d  p l o t t e d  i n  

t h e  normal d i r e c t i o n .  Note t h a t  t h e  maximum f i e l d  occurs  on t h e  hemi- 

s p h e r i c a l  end ( a s  one would expect)  and i s  1.36 times t h e  nominal f i e l d .  

S i n c e  t h e  demagnet izat ion f a c t o r  i s  j u s t  a measure of t h e  f l u x  concen- 

t r a t i o n  due t o  t h e  d i s t o r t i o n  of  t h e  f i e l d  by t h e  sample, i t  may b e  

c a l c u l a t e d  from t h e  r e l a t i o n  H = H /(1 - 7).  T h i s  i m p l i e s  

a demagnet izat ion f a c t o r  of .264, q u i t e  d i f f e r e n t  from t h e  v a l u e  of zero 

u s u a l l y  cons idered  f o r  an i n f i n i t e  c y l i n d e r  i n  a l o n g i t u d i n a l  f i e l d .  

max nominal 
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3. EXPERIMENTAL DETAILS 

A s imple  method o f t e n  used f o r  t e s t i n g  t h e  magne t i za t ion  and 

t h e r e f o r e  t h e  f l u x  p e n e t r a t i o n  i n t o  superconduct ing  samples o p e r a t e s  a s  

f o l l o w s .  A matched p a i r  of oppos i t e ly  wound series c o i l s  a r e  a r ranged  

c o a x i a l l y  wi th  t h e  sample i n  one a s  shown i n  F ig .  2 .  When t h e  sample ' s  

magne t i za t ion  i s  z e r o  t h e r e  i s  no n e t  f l u x  t h r e a d i n g  t h e  s i n g l e  series 

wound c o i l  and a d isp lacement  of the sample or a change of t h e  a p p l i e d  

f i e l d  w i l l  n o t  produce a v o l t a g e  a t  i t s  t e rmina l s .  I f ,  on t h e  o t h e r  

hand, t h e  sample i s  a c t i n g  l i k e  a diamagnet t h e  n e t  f l u x  i n  t h e  c o i l s  

w i l l  be non z e r o  and changing t h e  a p p l i e d  f i e l d  or moving t h e  sample 

w i l l  induce a v o l t a g e .  Ord ina r i ly  t h e  a p p l i e d  f i e l d  i s  se t  and t h e  

sample i s  moved from one c o i l  t o  t h e  o t h e r  swi t ch ing  t h e  n e t  f l u x  and 

induc ing  a v o l t a g e  a t  t h e  t e rmina l s .  The ou tpu t  i s  r ead  on a b a l l i s t i c  

galvanometer ( e s s e n t i a l l y  an  i n t e g r a t i n g  v o l t m e t e r ) .  

The method used f o r  t h e  p r e s e n t  s t u d i e s  was a v a r i a t i o n  of 

t h i s  technique .  Note t h a t  i f  the a p p l i e d  f i e l d s  a r e  i n i t i a l l y  z e r o  

then  a n  a p p l i c a t i o n  of t h e  f i e l d  w i l l  induce a v o l t a g e ,  t h e  i n t e g r a l  

of which w i l l  be p r o p o r t i o n a l  t o  t h e  n e t  f l u x  i n  t h e  c o i l  p a i r  and 

consequen t ly  a measure of t h e  sample's  f l u x  e x c l u s i o n  or n e g a t i v e  

magne t i za t ion .  

The i n t e g r a t i o n  i n  t h i s  case was c a r r i e d  o u t  by  a n  E l e c t r o n i c s  

A s s o c i a t e s  TR-20 ana log  computer w i t h  an a m p l i f i c a t i o n  of one hundred. 

F i g u r e  3 shows d iagrammat ica l ly  t h e  w i r i n g  arrangement.  I t  was neces- 

s a r y  t o  sum a b i a s  v o l t a g e  i n t o  the  i n t e g r a t o r  to c o u n t e r a c t  DC o f f s e t s  

i n  t h e  a m p l i f i e r s .  Note t h a t  because of t h e  a v a i l a b i l i t y  of a l a r g e  

number of i n t e g r a t o r s ,  i t  was poss ib l e  t o  t es t  s e v e r a l  samples s imul ta -  

neous ly .  The i n t e g r a t e d  s i g n a l  was f e d  t o  one of t h e  v e r t i c a l  deflec;: 

t i o n  p l a t e s  of a mul t ichannel  o sc i l l o scope .  The h o r i z o n t a l  d e f l e c t i o n  

was p r o p o r t i o n a l  to  t h e  a p p l i e d  f i e l d  a s  measured by t h e  magnet c u r r e n t .  
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The advantages of t h e  present  method a r e  s e v e r a l .  Most 

impor t an t ,  i t  a f f o r d s  a method f o r  g e n e r a t i n g  cont inuous  magnet iza t ion  

cu rves  r a t h e r  t han  t e s t i n g  a t  d i s c r e t e  p o i n t s .  Second, i t  e l i m i n a t e s  

the  mechanical appa ra tus  necessary  f o r  moving t h e  sample. Because 

ana log  computers have many i n t e g r a t o r s ,  and scopes  w i t h  m u l t i t r a c e s  

a r e  r e a d i l y  a v a i l a b l e ,  t h i s  method a l lows  t e s t i n g  of s e v e r a l  samples 

s imul taneous ly .  I n  s h o r t ,  i t  r e p r e s e n t s  a c o n s i d e r a b l e  g a i n  i n  

e f f i c i e n c y  over  t h e  o l d e r  method without an  a p p r e c i a b l e  l o s s  i n  

accuracy .  

The samples themselves  c o n s i s t  of p o l i s h e d  copper rods  wi th  

l e a d  i n  t h i c k n e s s e s  between 1 5  and 100 microns e l e c t r o p l a t e d  o n t o  t h e  

s u r f a c e .  The p l a t i n g  was done by t h e  A i r c r a f t  P rocess ing  Co. of 

Belmont, C a l i f o r n i a ,  u s i n g  a s tandard  l e a d  f l u o - b o r a t e  b a t h .  Samples 

were p l a t e d  s imul taneous ly  i n  t h e  same ba th  wi th  t h e  on ly  v a r i a t i o n  

be ing  t h e  d u r a t i o n  of emersion, or equ iva len t , l y  t h e  t h i c k n e s s  of t h e  

cove r ing .  The t h i c k n e s s  was determined by measuring t h e  c y l i n d e r  

d i ame te r  b e f o r e  and a f t e r  t h e  p l a t i n g .  Two sets  of samples were used 

and they  were processed  a t  d i f f e r e n t  times. I t  i s  t h e r e f o r e  p o s s i b l e  

t h a t  t h e  superconduct ive  p r o p e r t i e s  of t h e  l e a d  i n  t h e  two sets could  

d i f f e r  b u t  t h e r e  should be  no v a r i a t i o n  w i t h i n  t h e  sets themselves.  

4. EXPERIMENTAL RESULTS 

A s imul taneous  p l o t  of t h e  magne t i za t ion  of f o u r  of t h e  

samples of d i f f e r e n t  t h i c k n e s s  i s  shown i n  F i g .  4 .  Note t h a t  s h o r t l y  

a f t e r  d e v i a t i n g  from l i n e a r i t y  t h e  curve  p lunges  r a p i d l y  t o  z e r o  in-  

d i c a t i n g  complete p e n e t r a t i o n .  The lower p o r t i o n  of t h e  curve  i n  each 

c a s e  i s  t h e  r e t u r n  or removal of t h e  a p p l i e d  f i e l d .  Note t h a t  n e a r l y  

a l l  t h e  p e n e t r a t i n g  f l u x  i s  trapped and there i s  no evidence whatsoever 

of t h e  Meissner e f f e c t  j u s t  a s  one would expec t  from t h e  small  f r a c t i o n  

of t h e  t o t a l  volume t h a t  i s  a c t u a l l y  superconduct ing .  
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Table I g ives  t h e  sample t h i c k n e s s ,  e x t e r n a l  f i e l d  f o r  t h e  on- 

se t  of p e n e t r a t i o n  a s  i n d i c a t e d  by t h e  magnet iza t ion  cu rves '  d e v i a t i o n  

from l i n e a r i t y ,  t h e  maximum s u r f a c e  f i e l d  u s i n g  t h e  c a l c u l a t e d  demagneti- 

z a t i o n  f a c t o r ,  and t h e  f i e l d  f o r  complete p e n e t r a t i o n  (magnet iza t ion  less 

than  5741 of i t s  maximum va lue )  a l l  a t  4.2OK. 

experiments w i th  very  pure  l e a d  show a c r i t i c a l  f i e l d  of about  540 gauss 

a t  t h i s  temperature.  

I t  should  be  noted  t h a t  

TABLE I 
I 

P e n e t r a t i o n  Values a t  4.2OK 

Applied F i e l d  Ca lcu la t ed  Maximum Applied F i e l d  
Sample Pb a t  Onset of Su r face  F i e l d  a t  f o r  Complete 
and S e t  Thickness P e n e t r a t i o n  Onset of P e n e t r a t i o n  P e n e t r a t i o n  

1 - B  15 microns 400 gauss 540 gauss 450 gauss 

1 - A  15 3 90 52 0 530 

2 - B  25 430 580 510 

2 - A  38 450 610 560 

3 - A  81 440 5 90 540 

4 - A 112 460 62 0 530 

5. DISCUSSION 

In  every c a s e  t h e  th i ckness  of t h e  l e a d  was cons ide rab ly  

g r e a t e r  t han  t h e  London p e n e t r a t i o n  depth  ( m.04 microns) so t h a t  i t  

should  d i s p l a y  bulk  p r o p e r t i e s  a s  opposed t o  t h i n  f i l m  p r o p e r t i e s .  I t  

t h e r e f o r e  seems c o r r e c t  t h a t  i f  a thermodynamic argument l i k e  t h a t  of 

Refs .  4-7 i s  v a l i d ,  i t  should apply t o  t h i s  c a s e .  N o  d e t a i l e d  thermo- 

dynamic c a l c u l a t i o n  has  been made f o r  t h e  geometry used h e r e ,  b u t  t h e  

r a t h e r  t h i n  w a l l s  seem t o  imply t h a t  t h e  normal s t a t e  would have a 

lower f r e e  energy than  t h e  s u p e r s t a t e  a t  f i e l d s  cons ide rab ly  below 

c r i t i c a l .  Regard less  of t h i s  energy r e l a t i o n ,  one can say  from n o t i n g  
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t h e  d a t a  t h a t  p e n e t r a t i o n  i s  n o t  occu r r ing  a t  f i e l d s  c a t a s t r o p h i c a l l y  

below t h e  c r i t i c a l .  A s  l ong  a s  t h e  f i e l d  on t h e  s u r f a c e  i s  uniformly 

below c r i t i c a l ,  i t  seems t h a t  there i s  no mechanism for p r e c i p i t a t i n g  

f l u x  p e n e t r a t i o n  and t h e  t r a n s i t i o n  t o  t h e  lower energy s t a t e .  There- 

f o r e ,  i n  answer t o  t h e  q u e s t i o n  Oakes h a s  r a i s e d  on t h e  s u b j e c t ,  S e r i n ,  

Lynton and Gi t t leman have obta ined  t h e i r  r e s u l t s  p r i m a r i l y  due t o  t h e  

un favorab le  demagnet iza t ion  f a c t o r  ( e s s e n t i a l l y  one) which t h e i r  sample 

possessed .  Furthermore,  t h e  cryogenic gyro,  when des igned  t o  avoid  

such demagnet iza t ion  f a c t o r s ,  should n o t  be adve r se ly  a f f e c t e d  by t h i s  

phenomenon. 
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